In this paper, the problem on local scour around a single square pier was studied by using both the numerical and physical models. The numerical model for the study is FSUM based on a finite-difference method to solve the Reynolds averaged Navier-Stokes equations (RANS) and the equations for suspended sediment concentration and bed morphology. The computed result was verified through data measured in the experimental flume with a sand bed. In general, the typical features of local scour around the pier were successfully simulated by FSUM, such as stream flow, bow flow, down flow, horseshoe vortex. The comparison between the computation and experiment data shows a quite good fitness. Both numerical model and experiment results show that the maximum scour depth occurs at two front edges of the pier. Although the computed result shows a little bigger scour depth in comparison with the measurement in the physical model, it still confirms the reliability of numerical model in some measure.
Introduction
Local scour of alluvial channel beds around obstructions is a problem of continuing interest. That is the removal of bed sediment around or near structures located in flowing water, the serious consequence of which is the lowering of the riverbed level due to bed erosions such that there is a tendency to expose the foundations of a bridge. It is the result of the erosive action of flowing water, excavating and carrying away material from the bed and banks of streams and from around the piers and abutments of bridges (Richardson et al. [1] ). Such scour around pier and pile supported structures and abutments can result in structural collapse and loss of life and property. The amount of this reduction below an assumed natured level is termed scour depth. Scour is usually divided into categories.
Local scour is the direct result of flow field changes due to the presence of a structure. It is caused by the three-dimensional turbulent flow around the abutment and bridge piers, by an acceleration of flow and resulting vortices induced by obstructions to the flow. It is characterized by the formation of scour holes around the bridge foundation.
In recent years, with the ever-increasing capabilities of computer hardware and software, the approach of numerical simulation has been widely used to determine fluid flow behavior in industrial and environmental applications. Some progression of using numerical simulation to study the flow around a pier and the scouring process has been made considerably.
Most models for predicting sediment transport are based on a single-phase flow approach. Bakker [2] developed a numerical model to calculate suspended sediment concentration. Hagatun et al. (1986) [3] presented a turbulence model to simulate the instantaneous sediment concentration and the turbulent boundary layer in the sheet flow regime over a flat bed. Nadaoka et al. (1990) [4] developed a mobile bed model considering the mass and momentum transport of a single-phase flow. Olsen et al. (1993) [5] predicted local scour developing processes using a three-dimensional flow and sediment transport model. They solved the Reynolds equations with the k-ε model for turbulence closure. Considering both suspended load and bed load, they solved the bed sediment conservation equation by iterating the procedure until the scour hole at an equilibrium state is obtained.
Recently, several two-phase flow-modeling techniques have been developed. Asano (1990) [6] proposed a partial two-phase flow model in which the vertical velocity of particles was approximated by an empirical expression rather than being solved in the governing equations. Li et al. (1995) [7] followed Asano's work by formulating a complete set of two-phase flow equations. Gotoh et al. (1997) [8] presented a numerical simulation of the sediment transport and flow kinematics with a closure for particle/particle interactions in the sheet flow regime. Richardson et al. (1998) [9] simulated the flow structures around a bridge pier with and without the scour hole. They used FLOW3D with the RNG k-ε model. Comparing the simulated with the experimental results, they found that the 3D hydrodynamic model well simulates the complex flow patterns around the bridge pier. Wang et al. (1999) [10] examined the importance of including various flow effects on sediment transport. They used a numerical model to simulate the three dimensional flow conditions around a pile and in a scour hole. Empirical functions were used to alter the shear stress in an empirical sediment transport model to account for the effects of the main flow, down flow, vortices, and turbulence intensity on sediment transport within the scour hole. Wang et al. (1999) [10] simulated an evolution of the scour hole developing around the bridge pier by using CCHE3D. They examined the importance of including various flow effects on sediment transport. They used a numerical model to simulate the three dimensional flow conditions around a pile and in a scour hole. Tseng et al. (2000) [11] conducted the numerical simulation with the square and the circular piers by the LES. They found that the down flow was made at the front face of the pier and this affected the creation of the horseshoe vortex. They also compared turbulent structures; lift coefficient, and drag coefficient with the experimental results. Good agreements were obtained. Sumer et al. (2002) [12] used a finite volume hydrodynamic model with k-ε turbulence modeling to simulate the 3-D flow around a pile. Sumer et al. were able to capture all the main features of the scour process (i.e., the horseshoe vortex, sand slides or avalanching on the sides of the scour hole, bed ripples, the shape of the scour hole) and their equilibrium scour depth agreed fairly well with measurements. Equilibrium was reached in approximately 2.5 hours. Gamal et al. (2006) [13] used the 3D flow model to verify the flow and local scour variation around a single pier and introduced an interaction effect between bridge piers. The model used a finite-volume method to solve the non-transient Navier-Stokes equations for three dimensions on a general non-orthogonal grid. The k-e turbulence model was used to solve the Reynolds-stress term. The numerical model solved the sediment continuity equation in conjunction with van Rijn's bed-load sediment transport formula to simulate the bed evolution. The 3D flow model was verified through an experimental study in the non-cohesive bed material in an experimental flume. The different causes of local scour around the pier were simulated well, such as bow flow, down flow, horseshoe vortex, pressure variation and lee-wake vortex. The results show good agreement between simulation and experimental results. A. Azhari, et al (2010) [14] used the Eulerian granular multiphase model to solve related equations. The flow was considered unsteady. A 3-D numerical model and a physical model were employed to simulate and predict the local scour depth around a set of three vertical circular piers located in a river. The computations were performed using k-ε turbulent model. They found that the maximum scour depth was occurred around the first pier. The time course tests showed that 80% of scour hole was extracted in the first hour. The results from the computed tests showed a good agreement with the experimental data collected from the physical model which was an indication of the precision of the chosen computation procedure.
However, due to the complexities of both the flow field and the scour mechanism, numerical modeling of the scour process around bridge piers remains a difficult research topic.
In this paper, the erosion around a square pier is studied by using the mathematical and physical models. The mathematical model is FSUM (Flows with Substance transport and Bed Morphology) developed by Chung, D.H. [15] [16] . The numerical result is compared with the result from the experiment. At the same time, some treatments on local bed roughness are incorporated into FSUM model to improve the result of numerical simulation. 
Experimental Work and Result

FSUM Model and Setup Procedure
The governing equations of FSUM includes the equations related to fluid velocity field that is governed by Reynolds-averaged Navier- [17] .
The above equations together the initial and boundary conditions were numerically solved in FSUM (Chung, D.H., 2008) [18] ; Dang Huu Chung and Nguyen T. Kieu Duyen (2012) [19] with the finite difference method and coded with FORTRAN 90/95. Approach of operator splitting for the finite-difference equations combining a semi-Lagrangian treatment of the advective terms with a semi-implicit discretization of the vertical diffusion terms is used (Casulli, V. and Stelling, G.S., 1998) [20] .
In order to prepare the setup procedure for FSUM angular and rectangle grid on the x-y plane with the grid size of 0.01 m was generated (Figure 3) . As shown in Figure 3 , a two dimensional grid with 300 cells in the x-direction, 55 cells in y-direction and 12 layers in z-direction. The square pier was generated by blocking the area of the pier (Figure 4) .
The boundary conditions are as follows: • At the downstream:
in which Q is water discharge, c sediment concentration, u velocity component in x direction and η water level.
Numerical Results and Comparison
Some of the simulated results are presented in Figures 5-7 . Since the flow field at far distance downstream is almost the same as that of the upstream inflow, therefore only a part of longitudinal profile of flow streams in the x-direction around the pier is shown in Figure 5 . The behavior of flow pattern in the whole computation domain is quite sensible. It's clearly seen that the flow in front of pier has a tendency of going down and behind the pier the flow is going up. The reverse stream flow exists in front of the pier and the horseshoe vortex around the pier. The plots clearly show the existence of a separation zone behind the pier. The wake region in the numerical model results was defined as the region in which the longitudinal velocities are in opposite direction to the main flow direction. It indicated the presence of a downward flow at the face of the pier. It can be inferred that the down flow may also exert forces on the bed that initiate the eddy that causes the increase of local scour around the pier. The vertical downward flow in front of the pier increases with the increase in scour hole depth, until an almost equilibrium stage is reached (Ali et al., 2002) [21] . 
Conclusions
Local scour around a single square pier has been comprehensively studies by using a 3D numerical model FSUM along with a physical model in order to investigate the progressive development of the scour hole around the pier and also to verify the reliability on simulation and prediction of FSUM model. The obtained results over 3 hours of simulation and experiment showed a good qualitative and quantitative agreement. The following conclusions could be made based on the results of this study:
• The time duration of about 4 hours for such an experiment is enough to investigate in more details the process of erosion around a pier. Time variation of the maximum scour depth indicates that 90% of equilibrium scour depth occurs in the first two hour. Especially, this remark is very important for prediction with numerical model. • Both numerical model and experiment results show that the maximum scour depth occurs at two front edges of the pier. However, the numerical model predicts a bigger scour depth in comparison to the measured scour depth in the physical model.
• From the longitudinal profile of stream lines it shows the important mechanism of local scour around the pier, the decisive factor of which is due to the sudden change of flow direction in front of a barricade, especially, the flow direction downwards to the bed. This remark could give some suggestions for special treatment on engineering consolidation.
• Finally, through this study, it also shows that the ability of application of numerical model in practice to predict the scour depth under various conditions is completely possible. 
